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Introduction
The Dynamic Amplification Factor (DAF) for a bridge is defined as the maximum total (dynamic plus static) load effect divided by the maximum static load effect. DAF is influenced by many factors. Speed is particularly important, as noted by many authors [1] [2] [3] [4] [5] [6] and in particular the ratio of speed to bridge 1 st natural frequency [7] . Road roughness is also a key factor [3] [4] 8] , particularly for short bridges.
In the highway industry, indices for the evaluation of pavement surface evenness have been developed since the 1960s. The most popular parameters are the International Roughness Index (IRI) [9] [10] [11] which was developed and recommended by the World Bank to evaluate pavement roughness, and the Power Spectral Density (PSD) [12] . finite element model of a cable stayed bridge. 3 The effect of road surface irregularities on bridge vibration has been examined by DIVINE [1] , Green et al. [4] , Lay and Zhu [13] , Kou and Dewolf [14] , Lei and Noda [15] and Chatterjee et al. [16] . Vehicle and bridge models have been used to simulate the vehicle-bridge interaction system and to determine the effect of profile unevenness.
However, these papers investigate the influence of different PSD levels. It has been found by Li et al. [17] that there are substantial differences in dynamic amplification between road profiles with the same PSD level and the same IRI value.
Michaltsos [18] and Pesterev et al. [19, 20] have shown that the position of an irregularity is important for bridge dynamic amplification. In a previous paper [17] , the authors confirm this and show that if bridge deflections are negligible [20] , the principle of superposition applies for the dynamic response to individual road surface irregularities. This makes possible the estimation of dynamic amplification by adding together the DAFs due to each irregularity that makes up the road surface profile. Very good agreement with critical DAF values is reported for a range of 'good' road surface profiles. A significant problem is that the resulting dynamic amplification estimate is specific to the properties (spring stiffness etc.) of that vehicle.
Yang et al. [12] , Zhu & Law [21] and Brady & OBrien [22] examine cases of two following loads and compare the effects to single load crossings. Axle spacing is identified as being particularly important [22, 23] and it quickly becomes clear that an amplification factor derived from a 1-axle vehicle model is of limited value as an indicator of DAF for multiple-axle vehicles. 4 The goal of this paper is to develop the concept of a Bridge Roughness Index (BRI) which can be used as an estimator of DAF for a given vehicle class, and in particular in this paper, a BRI for 2-axle vehicles. The BRI will be a function of the road profile only; it will not be dependent on the speeds or properties of particular vehicles. A BRI potentially constitutes an extremely useful measure of road surface roughness that could be used by bridge maintenance managers as an indicator of the level of dynamic amplification that might be expected on a bridge.
BRIDGE VIBRATION

Vehicle-bridge interaction model
A half-car model crossing a simply supported Bernoulli-Euler beam at a constant speed is used to simulate 2-axle vehicle events (Fig. 1) . The motion controlling this system is defined by the ordinary differential equations [24] : 
is the damping force between the i th axle and the vehicle body, where C s is a suspension linear damper. [ ]
is the tire force imparted to the bridge by the i is height of road profile at location of axle i. No allowance has been made for separation of the tire from the road. Based on the work of Frýba [24] , numerical results are found in the time domain through the Runge-Kutta-Nyström method [25] .
Dynamic Amplification due to 2-axle vehicle
In a previous study [17] , the authors have proven that the effect of individual road irregularities can be superposed for a quarter-car model traveling on a short-span bridge with a good road profile. Bending moment is found by adding the moment due to the vehicle traveling on a perfectly smooth surface and the moment due to each individual irregularity that exists on the surface. The approach is accurate for negligible bridge deflections and a good approximation when bridge deflections are small compared to the road irregularities. Based on this assumption of superposition, the total normalized midspan bending moment, M(c,t), for a vehicle speed, c, and position of 1 st axle x 1 , can be calculated as
where 0 M is the normalized midspan bending moment caused by the vehicle on a smooth profile and u M is the normalized midspan moment due to a unit ramp at location i. The profile is discretized into N ramps each 100 mm long and the measured fall in the i th ramp in mm is s(i). All bending moments are normalized by dividing them by the maximum static bending moment. The calculation procedure is illustrated in [ ]
It becomes clear that the nature of a given road profile relating bridge dynamics, can only be characterized as 'good' or 'poor' linked to a given vehicle type.
Unfortunately, while DAE provides an excellent estimate of dynamic amplification for a particular vehicle, it is only accurate for that vehicle. For example, on the road profiles described as Further, there is no one spacing for a 2-axle vehicle that will provide good estimates of dynamic amplification for other vehicle spacings.
DAF and DAE are also strongly influenced by vehicle speed. The normalized bending moment due to the two-axle vehicle defined by parameters in Table 1 Hence the effects of some ramps will cancel out while others will be additive and there will be particular combinations of ramps that will result in very high bending moment.
A section through Fig. 5 (b) corresponding to a speed of 80 km/h is illustrated in Fig.   6 (a). The product of this graph and the road profile of Fig. 3 is illustrated in Fig. 6(b) .
The sum of all ordinates in the latter graph represents the total contribution of the road profile to the normalized bending moment (see Eq. (3)). It can be seen that bending and hence dynamic amplification is highly sensitive to the location of road surface irregularities. The corresponding graph for a speed of 120 km/h, illustrated in Fig. 6 (c),
shows the sensitivity to speed.
MONTE CARLO SIMULATION
It has been shown that dynamic amplification and the estimate of dynamic amplification Fig. 8(a) and Fig. 8(c) . Fig. 8(a) corresponds to some extent to a truck fleet equivalent of Fig. 5(a) -it represents the mean normalized moment on a smooth road profile for 500 trucks with speeds, axle spacings etc. that are typical of the fleet.
However, while Fig. 5(a) provides the maximum normalized moment for a range of speeds and front axle at midspan, Fig. 8(a) provides the vehicle at all points, averaged over many speeds and other vehicle parameters. Hence it gives an indication of the mean dynamic amplification that might be expected of 2-axle vehicles, if the road profile were smooth. For example, when the front axle is located at the center of the bridge (x 1 = 0.5L), the mean normalized midspan moment, (0.5 ) M L , is 0.8501, which means that the mean midspan moment from the 500 trucks/speeds considered is 0.8501 of the static value. 
where,
The BRI represents a kind of mean estimate of dynamic amplification for vehicle properties and speeds representative of site measurements of key vehicle properties. Of course, considerable inaccuracy is introduced by taking the maximum of many averaged components instead of averaging the maxima. However, this is necessary as it is only in this way that the BRI can be evaluated directly from a knowledge of Fig. 8 and the road profile, s(i).
APPLICATION AND ASSESSMENT OF BRI
The application of the BRI is illustrated using the road profile of Fig. 3 . The contribution of the different vehicles on a smooth profile can be seen to be varying from about 0.85 to 0.99 in the range of 0.5L to 0.75L as described in Fig. 8(a) . The influence of the road profile roughness is illustrated in Fig. 9 (a), which gives a positive contribution of up to 0.02 at the critical position of 0.68L, and the negative contribution at the position of 0.6L. Fig. 9 (b) provides a breakdown of the contributions of the ramps that make up the profile to the mean normalized moment, namely, example, the contributions are illustrated in Fig. 9(c) . Taking into account the standard deviation of the normalized bending moment, the dynamic amplification in Equ. 5 is described as Fig. 9(d) , where the maximum value of 1.04 at the critical position of 0.7L
represents BRI.
The accuracy of the BRI as a measure of profile roughness is assessed through comparison with DAF for 500,000 vehicle/speed/profile combinations. For this purpose, one thousand random road profiles are simulated with the Class 'B' [27, 28] . Together, the profiles represent a wide range of conditions with different positions of the ramps.
For each road profile, 500 sets of vehicle properties are generated by Monte Carlo simulation. In all cases, the exact dynamic amplification, DAF, is calculated for comparison. The DAF is related to IRI in Fig. 10(a) . Each point in this figure corresponds to one road profile, the mean of DAF plus the standard deviation is plotted against the IRI. It can be seen that there is no discernable correlation between IRI and DAF. (However, it is of note that better correlation is evident if a wider range of road roughnesses is considered). The coefficient of correlation for this set of Class 'B' profiles is 0.185. The ratio of DAF to BRI is illustrated in Fig. 10(b) . While there is considerable scatter, there is a clear correlation and the correlation coefficient is 0.762.
The effect of road roughness is strongly influenced by the span of bridge considered. 
DISCUSSION AND CONCLUSIONS
The concept of a bridge roughness indes, BRI, is developed in this paper. It is shown that IRI is poorly correlated with dynamic amplification for roads of average roughness.
While there is considerable scatter in the relationship between the proposed BRI and dynamic amplification, this index is well correlated and considerably more so than IRI.
The index is independent of individual vehicle properties such as speed and axle spacing but is a function of the vehicle fleet properties, represented by histograms (Fig.   8 ). For a given bridge, it is calculated from the profile information only using factors derived from the fleet histograms, represented here by Fig. 7 . Once the fleet-specific factors are known, the calculation of the BRI is quite simple (Eq. (5)).
The BRI factors developed here are applicable to 2-axle vehicles over 15 tonnes and to truck speeds, properties and other parameters is such that there appears to be no simple roughness measure of a road surface that is universally applicable and has a strong correlation with dynamic amplification. Nevertheless, the BRI is valuable in that it gives insight into the contribution that road roughness makes to dynamics. The importance of 14 irregularity location and the sensitivity of dynamic amplification to irregularities at particular points both on and in the approach to the bridge are identified. 
